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  IV 
SUMMARY 
        With the fast development of semiconductor manufacturing, porous ultra low-k 
(ULK) dielectrics are introduced for 65-nm node generation and beyond [1]. As the 
most promising candidate, porous SiLK (p-SiLK) (Dow Chemical), C-H based 
polymer with average pore size of ~8.2 nm and bulk k value of 2.2, was studied via 
both computational simulation and experimental investigation.  
        To avoid the complexity brought by porosity, dense SiLK (k~2.65), which has 
same chemical structure as that of p-SiLK, was used for computational simulation 
instead of p-SiLK. The structure of SiLK was determined by comparing the predicted 
properties with experimental values. An inverse approach was used in our study: three 
possible structures of repeating units were constructed according to the rough 
structure provided by Martin et al [32], quantitative structure-property relationship 
(QSPR) was used to predict the properties of polymers from these three kinds of 
repeating units, the structure with the predicted properties most close to experimental 
values was determined as the most possible structure of repeating unit in real SiLK.  
        The most possible repeating unit was used to study the mechanism of Ta 
adhesion on SiLK. Density functional theory (DFT) was employed to calculate the 
total energy and partial density of states (DOS) of the systems with Ta atoms adhered 
on different position over SiLK. Phenylene was found to play a major role and the 
adjacent semi-benzene rings also contribute significantly to Ta adhesion on SiLK. At 
the same time, this finding well explained degradation of adhesion caused by reactive 
plasma cleaning (RPC) process. Ar plasma treatment was suggested and implemented 
after RPC process, which resulted in successful improvement of the adhesion between 
Ta barrier layer and SiLK dielectrics.  
  V
        Based on above understanding, pore-sealing layer for p-SiLK was developed. 
We chose the monomers with phenylene structure for synthesis copolymer film as 
pore-sealing layer. Two groups of aniline based copolymer were synthesized by 
plasma enhanced chemical vapor deposition (PECVD), and their properties were 
investigated with SEM, SIMS and AFM analysis. Surface roughness of pore-sealing 
layer was found to be one of the most important factors to determine the support to Ta 
barrier layer. However, only preliminary results were described here. Further 
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CHAPTER ONE   
INTRODUCTION 
 
        Nearly fifty years ago, integrated circuit (IC) was invented and quickly 
introduced into our daily lives. And it rapidly became the main technology that 
improved the life of human being. In the following years, the whole IC products had 
changed from traditional system-on-board to present system-on-chip. Now various 
complicated functionals could be accomplished in one single chip. This change made 
the density of integrated devices increased dramatically. As predicted by Gordon E. 
Moore, the number of devices integrated on a microchip doubled every eighteen to 
twenty-four months [1]. To integrate such number of devices without increasing chip 
size, the dimension of single device must be scaled down. As a result, the feature size 
of physical transistor was also reduced. On the other hand, with the length of 
transistor channel reduced, the transit time of electrons from source to drain was 
descended when transistor turned on. Thus, the transistor speed was also improved 
when decreasing feature size of technology. Such being the case, continuous 
decreasing feature size of technology has been the tendency of the whole 
semiconductor industry.    
 
1.1 Demand for low-k/ultra-low-k dielectrics 
        According to the technology roadmap for semiconductor [1], not only physical 
gate length of transistor, but also the width of metal wire and space needed to be 
shrunk down. This was because only when the dimension of metal wire was reduced, 
it could be possible to arrange enough number of metal wires to connect so many 
transistors within only a few layers. As a result, it was easy to imagine that when the 




Figure 1-1: Cross section of multilevel interconnection device 
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width of metal wire was reduced, the number of resistors was increased. On the other 
hand, when the space between metal wires was reduced, the capacitance between 
them was increased. As shown in Figure 1-1, there are two kinds of the spaces 
between wires: one is the space between wires of intra-metal layer, for example, space 
between M1-a, M1-b and M1-c; and the other is the space between wires of inter-
metal layer, for example, space between M1-a, M2-a and M3-a.  
When the space between the metal wires of intra- and inter-metal layers reduces 
to a certain limit, two neighboring wires begin to crosstalk each other after voltage 
and current are applied. Furthermore, if different voltages are applied to two metal 
wires, they behave like a capacitor. Within metal layers, this kind of capacitor and 
metal resistor are always connected each other. Thus, the total signal delay of device 
is no longer dominated by gate delay of transistor, but by this resistance-capacitance 
(RC) delay of metal layers [2-3]. For example, in a processor designed to work at the 
frequency of 1000 MHz, the gate delay of which is 1 ns, but the total signal delay 
would change to 3 ns with a signal delay of 2 ns. As a result, the real working 
frequency is reduced to 333 MHz. 
        The RC delay time T can be estimated as [4]: 
! 












]                                    (1-1) 
where, R is the resistance, C the capacitance of dielectrics between metal layers, ρ the 
resistivity of metal wire, k the dielectric constant of the inter-metal dielectrics, k0 the 
dielectric constant of vacuum, L the length of the conducting metal wire, d the 
thickness of the conducting metal wire, and D the distance between two conducting 
metal wire.  
        Based on equation (1-1), the signal RC delay can be reduced in three ways: (A) 
changing the layout and/or the ratio of width to thickness of the conducting metal 
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wires; (B) decreasing the resistivity (ρ) of the interconnect metal wires; and (C) 
decreasing the dielectric constant (k) of the inter-metal dielectrics (IMD). From 
material point of view, besides optimizing layout and dimension of metal wires, the 
importance of introducing low-ρ metal and low-k dielectric for further development 
of electronic devices were well aware.  
        To reduce ρ value of metal, Cu was introduced for its second lowest resistivity of 
any non-superconductor to Ag. Ag has peculiar properties that make it unsuitable for 
IC applications. The difference between Ω values of Cu and Ag is only about 5 %. 
Compared to Al, Cu offers a significant 37 % reduction in ρ value. As a result, now 
Cu had replaced Al as the common material for metal wire. 
 
Figure 1-2: Change of delays after introducing Cu and low-k dielectrics. 
(Source: National Technology Roadmap 2002) 
 
        To reduce k value of dielectrics, low-k materials were introduced to replace SiO2 
as the IMD layers. As shown in Figure 1-2, the gate delay of a transistor with 100 nm 
physical gate length is only 3 ps. If Al and SiO2 are used as the materials of metal 
wires and IMD, the RC delay is about 38 ps. If Cu and low-k (k=2) dielectrics are 
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used, the RC delay is reduced to 11 ps. Considering the total number of transistors, 
which are working serially in single chip, the RC delay of single chip is significantly 
reduced when Cu and low-k dielectrics are introduced into multilevel interconnection.  
        There are two general approaches to obtain low-k dielectrics: one is to modify 
the properties of existing dielectrics such as silica to reduce their k value. It is well 
known that the high k value of silica is due to the high polarizability of the Si-O bond. 
Therefore the most efficient way is to replace this Si-O bond with the less polarizable 
Si-F bond or Si-C bond by doping fluorine and carbon atom into silica. The most 
popular use of low-k dielectrics in manufacturing, fluorinated silicate glass (k=3.5) 
and carbon-doped silicon oxides (k=3) were produced in this way. 
        The other method is to develop new materials. This is a more challenging 
method compared to modification. Besides k value, thermal stability, mechanical 
properties and compatibility with traditional technological processes used in current 
semiconductor manufacturing are also need to be considered during the development 
of new materials. For example, poly(perfluorocyclobutane) PFCB, which has a k 
value as low as 2.35, was eliminated for its insufficient thermal stability [5].  
Perfluorinated aliphatic polymers, which has a k value ranging from 1.9 to 2.0, was 
also unsuitable because of its poor mechanical properties [6]. 
 
        Besides RC delay, power consumption is another major concern for 
interconnects. Continuously increasing working frequency and total number of 
transistor lead to a dramatic increase in power consumption. There are two major 
factors contributing to the power consumption. One is dynamic power consumption, 
which is given by [7]: 
! 
P ="CfV 2                                                      (1-2) 
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where α is the metal line activity (i.e., when the wire is really transferring a signal), f 
is the working frequency, V is the power supply voltage, and  
C = C output + C wire + C input                                 (1-3) 
Equation (1-3) describes the output and input capacitance of the transistors and the 
capacitance introduced by the metal line itself. Each time a signal is transported by 
metal lines, the energy is dissipated at this rate. The other contributor to power 
consumption is the static power consumption, which is related to the leakage current 
between metal wires. Compared with dynamic power consumption, the static one 
contributes much less to the total power consumption.  
        In equation (1-2), working frequency f is directly related to device performance, 
which cannot be reduced for lowering dynamic power consumption. Therefore, only 
operating voltage and capacitance can be reduced to minimize dynamic power 
consumption. Based on equation (1-3), total capacitance is mainly contributed by 
capacitance between metal wires, which is determined by k value of IMD layer.  
        According to the above analysis, introducing low-k dielectrics used as IMD layer 
could help to reduce both RC delay and dynamic power consumption. Therefore, 
using low-k dielectrics to replace SiO2 as IMD material is necessary and inevitable. 
 
1.2 Challenges with ultra-low-k porous polymer 
        With the integration of Cu and low-k silica-based materials, semiconductor 
manufacturing continued its past successes. However, the demands of high 
performance devices had never stopped. As a result, more advanced technology was 
used to maximize transistor density and reduce physical gate length in manufacturing. 
Therefore, RC delay was increased due to the distance between shrinking metal wires 
and power consumption of chip was also increased due to the growing number of 
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integrated transistor. The IMD with much lower k value was needed to guarantee the 
device performance and power consumption. It is well known that decreasing density 
of the material by simply increasing the free volume through rearranging the material 
structure or introducing porosity could reduce its k value. Therefore, the dielectric 












                                        (1-4) 
For porous materials, k1 and k0 are the dielectric constant of the ‘dense’ materials and 
that of air; v1 and v0 are their respective volume fractions. Thus, by simply introducing 
air pores, the k value of dense low-k material could be further reduced without 
changing its chemical properties. As the k value of silica-based dense material is 
much higher than that of dense organic polymer material, the space for further 
reducing k value of silica-based dense material is very limited. Thus researchers 
changed their attentions to these organic polymer materials, which could provide a 
much lower k value by introducing air pores and meet all the requirements of IMD 
layer. 
        However, with the introduction of ultra-low-k porous polymer (ULKPP), 
adhesion between ULKPP and Ta became an issue. As we know, the historic key 
issue was that Cu, known for its high diffusivity, could fast diffuse into dielectrics and 
cause device failure. To prevent Cu diffusion, a barrier layer was required between Cu 
and dielectrics [9]. Ta was introduced as barrier material and widely used in industry 
[10-11]. The adhesion between Ta and silica-based low-k material was quite good, but 
the poor adhesion of Ta on polymer created big problems for manufacturing. In 
multilevel metalization schemes, chemical mechanical polishing (CMP), which 
preserves a smooth morphology of Cu layer for building upper levels, could cause Cu 
and Ta barrier peel and delaminate from polymer dielectrics. CMP process had to be 
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done at lower removal rates with low pressure to avoid peeling and delamination [12]. 
But the pores in ULKPP had detrimental influences on its mechanical [13-14] and 
thermal [15] properties, which made it more sensitive to processing conditions [16]. 
Thus the adhesion situation between Ta and ULKPP became much worse than before. 
        Moreover, in sub 65 nm generation Ta barrier thickness has to be reduced (< 7 
nm on sidewalls) [1] to maintain the conductor effective resistivity as Ta has high 
resistivity. With a decrease in the barrier thickness, the influence of Ta/ULKPP 
interface on barrier properties becomes significant. An additional important issue is 
that the porous polymers have a highly connected pore structure. The pores open to 
the surface and connected internally are pathways for penetration of gases and liquids 
[17], which would change the physical and chemical properties of ULKPP. Thus, the 
integrity of thin Ta barrier layer can be significantly influenced. There are numerous 
reports on the characterization of barrier integrity on porous materials [18-21]. 
Because Ta is used as conducting metal when electron migration bring a void in Cu 
wire, the discontinuity in the Ta barrier layer also lead to a decreased electrical 
performance [14]. Consequently, to keep the integrity of Ta barrier layer and prevent 
properties change of dielectrics, the pores exposed at the interface between ULKPP 
and Ta barrier layer need to be sealed. There are mainly two kinds of methods that 
can be used to seal the pores [22]. One is to densify the surface of ULKPP by plasma 
interaction or introducing C atoms to cross link the top layer of porous polymer. In 
most cases, a densified pore-sealing layer is generated on the surface of ULKPP. The 
other is to deposit an additional thin film on the surface of ULKPP. This pore-sealing 
layer should be as thick as possible to completely seal a porous structure. At the same 
time, the layer should be as thin as possible to keep the k value of ULKPP low. 
Furthermore, the adhesion between pore-sealing layer and Ta barrier layers is as 
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important as the one between pore-sealing layer and porous ULK polymer for 
establishing dual damascene architecture.  
 
1.3 Motivation for present work 
 In this work, we focus on sealing pores by additional film deposition. Since Ta 
barrier layer is a subsistent layer that could be used as pore-sealing layer, significant 
attention had been paid to ultra thin Ta deposition in last few years: Iacopi et al. 
reported that they fully sealed MSQ-based porous Zirkon™ low-k dielectric with 10 
nm PVD Ta(N) layer [23]; and still Iacopi et al. investigated sealing HSQ-based 
porous XLK™ low-k dielectric, and porous inorganic-oganic hybrid (IOH) dielectric 
with 10 nm PVD Ta(N) [24]. But all of these experiments were done on blanket 
wafer, it is difficult to archive 7 nm thickness of Ta(N) barrier layer on the sidewall 
on topographic wafer. On the other hand, even until today, these solutions are still 
under optimization and their efficiency, reliability and impact on the effective 
dielectric constant still have to be demonstrated.  
        To find a solution for Cu/ULKPP interconnects for sub 65 nm generation, we 
investigated the polymer pore-sealing layer for ULKPP IMD layer. If the dense low-k 
polymer could be used to seal pores on the surface of IMD, the requirement of Ta 
barrier layer thickness could be further reduced. These could make it possible to 
archive 7 nm thickness of Ta barrier layer on sidewall on topological wafer. However, 
before finding a good pore-sealing low-k polymer, it is very important to understand 
the interfacial interaction between Ta and ULKPP. These could help us efficiently 
focus on the pore-sealing materials, which can provide good adhesion with both Ta 
barrier layer and ULKPP. Most studies to date monitored the degradation of electrical 
performance after integration processing or measured the integrity of pore-sealing 
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layer/barriers on ULK dielectrics [25-28] with little discussion on the interfacial 
interaction involved. 
        To systematically study the interfacial interaction of Ta/ULKPP, we specially 
focused on porous-SiLK™ (p-SiLK), which is a C-H polymer based material with 
average pore size of ~8.2 nm and bulk κ value of 2.2. To avoid the complexity 
introduced by porosity, we use dense SiLK instead of p-SiLK to understand the 
adhesion mechanism by computer simulation. The chemical structure of SiLK was 
determined by comparing the predicted and experimental properties. Quantitative 
structure-property relationship (QSPR) statistical correlation methods were used to 
quickly screen several possible structures of repeating unit in cross-linked SiLK. The 
properties of poly-styrene were found similar to those of SiLK. However, because 
QSPR statistical correlation predicts properties based on chain structure, the 
mechanical and thermal properties are not reliable. To minimize the effect to property 
prediction from different structures, molecular dynamics (MD) was used to further 
study the mechanical and thermal properties of poly-styrene. Then styrene was 
selected as the repeating unit in SiLK and used for subsequent study.  
        The first-principles method based on density functional theory (DFT) was chosen 
to study the mechanism of Ta adhesion on SiLK. Phenylene groups were found to 
play a major role and the adjacent semi-benzene rings also contribute significantly to 
Ta sdhesion on SiLK. In addition, the degradation effects of H2/He reactive plasma 
clean (RPC) on Ta adhesion on SiLK were investigated. Saturation of phenylene 
groups by H2 was found to be the key factor which degrades adhesion of Ta on SiLK. 
Argon (Ar) plasma treatment was suggested and implemented after RPC, which 
resulted in improvement of adhesion.  
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        With a full understanding of adhesion mechanism between organic group and 
metal Ta, aniline based co-polymers were deposited by plasma-enhanced chemical 
vapor deposition (PECVD) and investigated as pore-sealing layer for p-SiLK. 
However, only preliminary data was collected, smooth surface of pore-sealing layer 
show better support to Ta barrier layer. As a complement, further improvement and 
experiment optimization was suggested. 
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CHAPTER TWO 
STRUCTURE OF SiLK DETERMINED 
BY COMPUTATIONAL SIMULATION 
 
2.1 Introduction 
        In our study, SiLK was chosen for semiconductor dielectric [29]. The synthesis 
process of SiLK involves the synthesis of cross-linked polyphenylenes by the reaction 
of polyfunctional cyclopentadienone- and acetylene-containing materials [30]. 
Polyphenylenes are known for its excellent thermal stability [31]. However, 
polyphenylenes need to be substantially substituted in order to achieve solubility and 
thus processability. By preparing the polyphenylenes from cyclopentadienone- and 
acetylene-containing monomers, the initial oligomers formed are soluble without 
undue substitution and can thus be processed. Further reation on wafer converts the 
oligomers to cross-linked polymer that have properties suitable for use as interlayer 
dielectrics. The cyclopentadienones react with the actylenes in a 4 + 2 cycloaddition 
reaction followed by the expulsion of CO to form a new aromatic ring. The 
multifunctional nature of the monomers leads to cross-linked polyphenylene system 
after full cure [32]. 
        Following the successful application of SiLK in industry [33], the porous SiLK 
(p-SiLK) was expected to be the next-generation ULK dielectric with a k value of less 
than 2.1. Since dense SiLK has the same chemical structure as p-SiLK, it was chosen 
for structure study instead of p-SiLK to avoid the complexity brought by porosity. 
Even though a rough monomer structure of uncured SiLK is available [32], the detail 
structure in cured cross-linked polymer film is very complex. Since computational 
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simulation is an economic and rapid analysis tool, in this chapter, molecular 
simulation was employed to determine the structure of cross-linked SiLK.  
 
2.2 Methodology 
        Both statistical study and dynamical simulation was used to determine the 
structure of SiLK dielectric. Quantitative structure-property relationship (QSPR) 
statistical correlation method was employed for fast screening the possible structures 
by comparing predicted properties with experimental value. After obtaining the 
structure of SiLK, molecular dynamics (MD) simulation was used to optimize the 
molecular structure and predict Young’s modulus. 
 
2.2.1 Quantitative structure-property relationship statistical correlation 
        QSPR statistical correlation method was employed to predict properties of SiLK. 
It was constructed to predict properties of untested polymer and can guide the rational 
design of novel polymers within the same family [34]. QSPR models are empirical 
equations, used for estimating various physical or thermodynamic properties of 
molecules. A QSPR model has the form: 
! 






+ " " "                            (2-1)  
where P is the physical property of interest, a, b, c, … are regression coefficients, and 
D1, D2, D3, … are parameters derived from the molecular structure, so-called 
descriptor. A variety of different types of descriptors can be used [35]. So the values 
of new structural parameters can be mathematically derived from some fundamental 
descriptors. Essentially, the quality of the QSPR study is mainly determined by 
molecular descriptors of the chemical structure.  
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        The corresponding molecular descriptors include constitutional, topological, 
electrostatic and quantum-chemical, geometrical, thermodynamic descriptors, etc 
[36]. Constitutional descriptors reflect only the molecular composition of the 
compound without using the geometry or electronic structure of the molecule, which 
related to the number of atoms, rings and bonds, for examples, absolute and relative 
numbers of C, H, O, S, N, F, Cl, Br, I, P atoms; absolute and relative numbers of 
single, double, triple and aromatic bonds; molecular weight and average atomic 
weight number of benzene rings, number of benzene rings divided by the number of 
atoms. Topological indices are two-dimensional (2-D) descriptors based on graph 
theory concepts. These indices are widely used in QSPR studies. They help to 
differentiate the models according to their size, degree of branching, flexibility and 
overall shape. Electrostatic descriptors reflect characteristics of the charge distribution 
of the molecule such as total molecular surface area and partial positive surface area. 
Quantum-chemical descriptors include information about binding and formation 
energies, partial atom charge, dipole moment and molecular orbital energy levels. 
        With a group of pre-defined descriptors, QSPR statistical correlation is advanced 
in fast predicting polymer properties and rapid screening large number of polymer 
materials. In our study QSPR statistical correlation was selected for fast predicting 
and screening properties based on possible SiLK structure.  
 
2.2.2 Condensed-phase optimized molecular potentials for atomistic simulation 
studies 
        The geometry of SiLK molecular was optimized via MD simulation using 
condensed-phase optimized molecular potentials for atomistic simulation studies. The 
functional forms used in COMPASS force field are shown as following [36]: 
Chapter 2: Structure of SiLK Determined by Computational Simulation 
 15 
( ) ( ) ( )[ ]
( ) ( ) ( )[ ]
( ) ( ) ( )[ ]
( )( ) ( )( )
( )[ ]
( )[ ]























































































































   (2-2) 
The functions can be divided into two categories: valence terms including diagonal 
and off-diagonal cross-coupling terms and nonbond interaction terms. The valence 
terms represent internal coordinates of bond (b), angle (θ), torsion angle (! ), and out-
of-plane angle (χ), and the cross-coupling terms include combinations of two or three 
internal coordinates. The cross-coupling terms are important for predicting vibration 
frequencies and structural variations associated with conformational changes. Among 
the cross-coupling terms given in equation (2-2), the bond-bond, bond-angle and 
bond-torsion angle are the most frequently used terms. The nonbond interactions, 
which include a Lennard-Jones 9-6 (LJ-9-6) function [37-39] for the van der Waals 
term and a Coulombic function for an electrostatic interaction, are used for 
interactions between pairs of atoms that are separated by two or more intervening 
atoms or those that belong to different molecules. In comparison with the common 
Lennard-Jones 12-6 (LJ-12-6) function, which is known to be too ‘hard’ in the 
repulsion region, the LJ-9-6 function is softer but may be too attractive in the long 
separation rang [40]. 
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        The LJ-9-6 parameters (ε and r0) are given for like atom pairs. For unlike atom 
pairs, a 6th order combination law [41] is used to calculate the off-diagonal parameters: 








r                 (2-3) 
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rrεεε          (2-4) 
The electrostatic interaction is represented using atomic partial charges. To make the 
charge parameters transferable, bond increments δij, which represent the charge 
separation between two valence-bonded atoms i and j, are used in the force field as 
parameters. For atom i, the partial charge is the sum of all charge bond increments δij, 
                 ∑=
j
i ijq δ                     (2-5) 
where j represents all atoms that are valence-bonded to atom i. 
        In condensed-phase simulations of liquids and crystals, the nonbond interactions 
are usually truncated at a selected cutoff value (normally around 10 Å). A sharp cutoff 
is assumed for the present force field. However, the long-range interaction, which is 
the total contribution of nonbond interactions beyond the cutoff, is critically important 
to be considered for calculating energies and pressures. 
        A simple nomenclature rule is followed to systematically label atom types in 
COMPASS force field. Atom types are defined based on chemical intuition. It is also 
an empirical-based trial-and-error practice. Basically a new atom type is introduced 
when strong evidence shows that existing atom types are not adequate to describe the 
properties of the molecules of interest.  
        Generally speaking, COMPASS force field is the first ab initio force field that 
enables accurate and simultaneous prediction of gas-phase properties and condensed-
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phase properties for a broad range of molecules and polymers. It is also the first high 
quality force field to consolidate parameters of organic and inorganic materials. Most 
parameters were derived based on ab initio data. For these molecular systems, the 
COMPASS force field has been parameterized to predict various structural, 
conformational, vibrational, and thermophysical properties in isolation and in 
condensed phases, and under a wide range of conditions of temperature and pressure. 
 
2.3 Simulation detail 
      The objective of current study is to determine the structure of cross-linked SiLK. 
Martin et al. [32] has provided property data of cured SiLK as shown in Table 2-1 and 
rough structure of uncured SiLK as shown in Figure 2-1. 
Table 2-1: Summary of SiLK dielectric properties [32]. 
  Property                                   Value 
Dielectric constant                              2.65 
Refractive index at 632.8nm              1.63 
Thermal conductivity at 298K            0.19 W/mK 
                                       403K            0.23 W/mK 
Glass transition temperature               >763K 
Young’s modulus                               2.45GPa 




Figure 2-1: Formation of SiLK by cross-linking phenylacetylene [32]. 
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       According to the given information, three possible structures of repeating unit as 
shown in Figure 2-2 were built. They are Phenyl + Ethynyl (unit A), Phenyl + Ethenyl 
(unit B) and Phenyl + Ethyl (unit C). The head and tail of a repeating unit were also 
illustrated individually in Figure 2-2. An inverse approach was used in this study. We 
started from these three possible structures, and computed the properties listed in 
Table 2-1. From the comparison of the predicted properties and experimental 





Figure 2-2: Three possible chemical structures of repeating units in cross-linked 
SiLK. 
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        As the candidate of monomers, these three kinds of repeating units were used to 
build their own bulk polymers for simulation. All bulk polymers were defined as 
homo-polymers with molecular weight of 1,000,000 atomic mass units (AMU). The 
simulation procedure was done in temperature range between 298 K and 403 K. The 
properties of each polymer were predicted separately and listed in Table 2-2. 
        Furthermore, MD with COMPASS force field was used to optimize the most 
possible structure. Ten repeating units were used to build a single chain, which was 
terminated with two methyl groups. Firstly, a cascade of two method, steepest descent 
method with default convergence criterion setting of 1000 kcal/mol/Å and conjugate 
gradient method with default convergence criterion setting of 10 kcal/mol/Å using 
Fletcher-Reeves algorithm [42], were applied appropriate to minimize the system 
energy during each stage of processing. Steepest descent can quickly reduce the 
energy of the structure during the first a few iterations to saving simulation time. 
Followed by conjugate gradient, it can improve the line search direction by storing 
information from the previous iteration. In the whole process of minimization, the 
amorphous cell parameters were fixed. Then, the MD method was employed to 
simulate a cool-down process to avoid trapping in high-energy minima. With time 
steps of 1 fs, the constant volume and temperature (NVT) MD simulation was ran for 
100 ps at 1000 K, and followed by a 50 ps dynamics at 750 K. Anderson method [43] 
was used for temperature control. 
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  Figure 2-3: Amorphous cell constructed with ten chains of unit B 
 
        Ten optimized chains were used to construct an amorphous cell with a target 
density of 1.15 g/cm3 as shown in Figure 2-3. Constant pressure and temperature 
(NPT) MD simulation was done at temperature of 378 K for 100 fs to optimize the 
amorphous cell parameters. Pressure was set at 80 MPa to balance the inner pressure 
of cell [44]. Velocity scale was used for temperature control with a temperature 
variation range of 100 K. When the system is relaxed, Young’s modulus was 
calculated at experimental temperature (298 K) from the trajectory.  
 
2.4 Results and discussions 
2.4.1 Simulation of repeating unit 
        The comparison of properties predicted by simulation and experimental values of 
SiLK is presented in Table 2-2. 
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Table 2-2: Comparison between experimental and predicted properties of SiLK. 





 Unit A Unit B Unit C 
Dielectric constant 
Refractive index at 632.8nm 
Thermal conductivity at 298K 
          (W/mK)                403K 
Glass transition temperature (K) 
Young’s modulus (GPa) 



































The predicted properties of unit A and unit B are much closer to the experimental 
value, especially the properties of refractive index and thermal conductivity at 298 K. 
However, the predicted properties of glass transition temperature, Young’s modulus 
and coefficient of thermal expansion (CTE) are different from the experimental value. 
        The main possible reason leading to this discrepancy might be the simplification 
of polymer structure in the simulation. Firstly, the real polymer is a cross-linked one. 
The covalent bonds between two chains link them together to form a network in bulk. 
Not only inter-molecular but also intra-molecular force would be passed one by one 
through the covalent bonds and every atom in the bulk would be affected. In the 
simulation, however, only one chain polymer was constructed for property prediction. 
In this case, the chain is isolated and slippage of atoms could only be transferred 
along the chain direction. The difference between cross-linked and single chain 
structure would cause the discrepancy in predicted results. Generally, cross-linking 
restricts chain mobility and makes the bulk more solid, and causes an increase in glass 
transition temperature, modulus and a decrease in CTE [45-46]. 
        Secondly, to simplify the simulation, we assumed that SiLK was a homo-
polymer. However, the real case is more complex. It might be a kind of co-polymer 
with a mixture of units A, B and C in each chain. And the mixing ratio of different 
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kinds of monomers would also affect the predicted results. We also used some kinds 
of mixtures for a trial study. However, the error caused by the difference between 
homo-polymer and co-polymer was not obvious. Usually, the difference was less than 
5 %. Generally, the error between predicted and experimental properties was mainly 
caused by the difference of connecting structures between simulation model and real 
polymer.  
        From Table 2-2, the predicted properties of unit A and unit B are much closer to 
the experimental values, and they might be the repeating units in cross-linked SiLK. 
Back to the rough structure in Figure 2-1, we could find that the C≡C (in square 
brackets) in repeating unit is the weakest bond that could be opened to form covalent 
bond. Thus, unit B is the most possible repeating unit in cross-linked SiLK. On the 
other hand, the FTIR spectra of cross-linked SiLK [47] also confirmed our judgment. 
No C≡C characteristic was observed in the spectral range of 2000-2500 cm-1. Unit B 
is the best fit based on the limited options we considered in the simulation. From now 
on, unit B would be used as the repeating unit in the following study. 
        Though the predicted results for cross-linked polymer could not provide accurate 
values, it could still provide a rapid screening through candidates and provide a 
reasonable reference.  
 
2.4.2 Young’s modulus 
        To simulate the effect of cross-linked structure, MD with COMPASS basis set 
was employed for further study on Young’s modulus of SiLK. Two rounds of chain 
optimizations at 1000 K and 750 K were employed to simulate a cool down process. 
As it is known, most real polymers would decompose at the temperature above 700 K, 
but this would not happen in the force field simulation. Bonds and atoms are 
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simulated as springs and balls, atoms would move as far as possible but not break in 
high temperature. To get a fully relaxed but reasonable structure, we chose NVT-MD 
simulation for these two rounds of high temperature optimization. As the volume was 
fixed during simulation, the atoms would not move too far away from the initial 
positions. To simulate the effect of anisotropy, ten optimized single chains, each of 
which consisted of ten repeating units (10×10 cell) were used to build an amorphous 
cell. In the next step, NPT-MD simulation was used to relax the internal force and 
obtain a fully relaxed structure. The Young’s modulus was calculated from Lame 
constant, which was obtained from the analysis of MD trajectory. An average 
Young’s modulus of 2.34 was obtained from results of three separate simulations. 
This value is very close to the experimental one.  
        Another two kinds of amorphous cells had also been investigated with the same 
process of optimization. The first one consisted of five chains, each of which 
consisted of twenty repeating units (5×20 cell). The second one consisted of four 
chains, each of which consisted of twenty-five repeating units (4×25 cell). For the 
reason that MD is a time consuming simulation method, we set the number of total 
repeating units in one single cell to a constant of 100 monomers to save computing 
time. However, the predicted results of Young’s modulus from these two cells 
fluctuated in a large range. Compared with 10×10 cell, the anisotropies of these two 
cells were more serious, which could not simulate the isotropy of cross-linked 
structure.  
        The predicted result by QSPR should approach to a constant when the number of 
monomers in single chain reaches to a certain value. These were statistical results 
based on the structure of repeating unit. At the same time, the chain used in MD 
simulation was much shorter than the real polymer. The predicted results could not 
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reach a statistical equilibrium. The individual character and the anisotropy of single 
chain would affect the results most. As shown in Figure 2-4, when an external force 
Fx is applied along the direction of the chain (x direction), this force could be 
transferred among molecular. On the other hand, when the external force Fy or Fz is 
applied in a direction perpendicular to the chain (y or z direction), the force cannot be 
transferred to other molecules. That is to say, if external force is applied to a cell with 
single chain, the force distribution on different cell surface is different. However if 
there are enough chains arrayed in a cell with random direction, all six surfaces of the 
cell could have similar force distribution, so that the anisotropy could be well 
simulated. For example, as shown in Figure 2-5, chain A is alone x direction, chain B 
is alone y direction, and chain C is alone z direction. Suppose external force is evenly 
applied to six surfaces of cell A, the force Fx is along chain A and perpendicular to 
chain B; Fy is along chain B but perpendicular to chain A; and Fz is perpendicular to 
both chains. These would make the force distribution on cell A along the z direction 
different with those along the other two directions. At the same time, if the same 
external force applied to cell B, the force distribution along all direction would be the 
same. The 10×10 cell has more chains than 5×20 and 4×25 cell, that is the reason why 
the simulation results closer to experimental value.  
 
 Figure 2-4: Distribution of external force applied to cell consist of single chain  
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 Figure 2-5: Distribution of external force applied to cell consist of multi-chains 
 
        Besides Young’s modulus, we also calculated the CTE value for this 10×10 cell, 
but the value has large fluctuation. Since the property of CTE was mainly related to 
the internal force within the cell, if there is no bond between chains, the force can 
only transferred within the chain, and the interaction between chains could not be 
simulated. This might be the reason why we could not get good results from multi-
chain model.  
        The multi-chain model seems more efficient for simulate cross-linked structure 
when external force is applied. The MD simulation here successfully predicted 
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2.5 Summary 
        A method of determining polymer chemical structure by computer simulation 
was investigated here. Polymer properties of possible structures were simulated and 
compared with experimental values. The comparison was useful in defining the most 
possible structure. However, only a chain structure was considered in the simulation 
for prediction. This made the predicted mechanical and thermal properties different 
from those of cross-linked polymer. MD simulation was also used to find an 
optimization method, which could simulate the isotropy of cross-linked structure in a 
multi-chain cell. The simulation results showed that only Young’s modulus was 
benefited from this optimization method and the value of CTE did not change as 
expected. Nevertheless, the results predicted by simulation still gave a useful 
reference in determining the repeating unit in cross-linked structure. 
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CHAPTER THREE 
INVESTIGATION ON MECHANISM OF TANTALUM ADHESION ON SiLK 
 
3.1 Adhesion of Ta on p-SiLK  
        With the application of SiLK as IMD in semiconductor manufacturing, some 
issues of reliability have become obvious. Peeling and delaminating problems in 
Cu/SiLK process during Cu chemical mechanical planarization (CMP) were reported 
by Balakumar et al. [57]. The adhesion between organic polymer and metal are 
known to be very poor. To improve the adhesion between Cu and dielectrics, Ta was 
selected to be the barrier layer, it is not only for its excellent barrier properties, but 
also for its good adhesion to dielectrics. On the other hand, the CMP pressure was 
also reduced to prevent peeling and delaminating of Cu. However, the most promising 
candidate for the next generation of ULK dielectric, p-SiLK shows much poorer 
mechanical integrity than SiLK, which further decreases the adhesion of Ta on p-
SiLK. Thus, it is more difficult to form multilevel Cu/p-SiLK stacks. The peeling and 
delaminating problem during Cu CMP process became more serious. In addition, 
some fabrication processes such as etching and cleaning may change the surface 
properties of p-SiLK and further degrade its adhesion to Ta barrier layers. For 
example, the most common process to remove surface Cu oxides in semiconductor 
manufacturing, H2/He reactive plasma clean (RPC) treatment, was found to change 
the physical and chemical properties of p-SiLK surface and cause degradation of Ta 
adhesion on p-SiLK [49]. Therefore, understanding the adhesion mechanism of Ta 
onto SiLK and its effect on the integration process are still very important for the 
implementation of p-SiLK in the 65 nm technology node and beyond. 
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3.2 Theory of adhesion between metal and polymer 
         There are various factors affecting the adhesion [50], but those that are pertinent 
to metal-polymer adhesion include mechanical interlocking, weak boundary layer, 
chemical bonds, and electrostatic force. Figure 3-1 illustrates these four kinds of 
adhesions and a brief discussion on each of them is given in the following. 
 
    
Figure 3-1 Four kinds of adhesion between metal and polymer 
 
3.2.1 Mechanical interlocking 
        Here the macroscopic roughness of substrate provides a mechanical locking of 
the deposited film and a larger surface area for bonding [51]. However, if there is no 
intimate contact between the film and the substrate, the increased roughness can lead 
to decreased adhesion by producing uncoated area of voids or vacancies in the film. In 
the electron-free deposition, polymer surfaces are treated with some etchant, which 
serves to create an extensive network of fine shallow pits on the surface of the 
polymer and/or to create deep, interlocking channels inside the polymer surface. 
These pits and fissures provide ‘anchoring’ points for electron-free metal. These 
etchants also serve to chemically alter the polymer surface so as to render it 
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hydrophilic. Therefore, unless the chemical nature of the polymer remains the same, it 
is not possible to attribute changes in adhesion to differing roughness. Many works 
had found that increased roughness increased adhesion of electrolytically deposited 
metals [52-53]. 
 
3.2.2 Weak boundary layer 
        In the case of ‘proper’ bonding, failure occurs deep inside the bulk of the 
adhesive or adherent. Adhesive is a general term used to represent any materials, 
which adheres to an adherent. In ‘improper’ bonding, a weak boundary layer is 
formed between the adhesive and adherent phases, and failure occurs in that layer. 
Bikerman developed the weak boundary layer theory [54]. This theory has been 
developed to explain the curious behavior of the failure of bonded material. Upon 
failure, many adhesive bonds break not at the adhesion interface, but slightly within 
the adherent or the adhesive, adjacent to the interfaces. It states that a boundary layer 
of weak material is formed around the interface between the two media. Impurities in 
the bond and adverse chemical reactions are common causes of weak boundary layers.  
 
3.2.3 Chemical bonding 
        Chemical bonds are actually formed between adhesive and adherent. The 
presence of chemical bonds should provide a high degree of adhesion and be resistant 
to the disruptive effects of moisture or other deleterious environments [51]. This is the 
dominative factor that affect overall adhesion between adhesive and adherent. 
 
3.2.4 Electrostatic force 
        Electrostatic forces may also be a factor in the bonding of an adhesive to an 
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adherent. If two dissimilar materials come in contact, then a charge transfer takes 
place with the concomitant formation of a double layer. The two layers so formed can 
be compared to a capacitor, and work is expended in separating the two layers of the 
capacitor. Adhesives and adherents that contain polar molecules or permanent dipoles 
are most likely to form electrostatic bonding 
 
        From the above, the key factors that determine the adhesion strength are 
mechanical interlocking and chemical bonds. Most studies to date [18] have focused 
on monitoring of adhesion degradation or the electrical property after integration 
process, which were unable to provide a full understanding of the mechanism. In our 
study, density functional theory (DFT) is used to investigate the mechanism of 
adhesion.  
 
3.3 Density functional theory 
        One of the major challenges for theoretical study of such a system is due to the 
fact that SiLK is an amorphous polymer while Ta is a metal and there is no suitable 
force field to describe interactions between these two phases. Motivated by the 
successful application of DFT on study of the interactions between benzene and Pd 
metal membrane by Orita and Itoh [55], DFT [56] was selected as our computational 
method in the present study. 
        According to DFT [57-58], all ground-state properties of a given system are 
functional of the charge densityρ . Specifically, the total energy Et may be written as: 
Et ρ( )= T ρ( )+U ρ( )+ Exc ρ( )                                  (3-1) 
where T( ρ ) is the kinetic energy of the system of non-interacting particles of density 
ρ , U( ρ ) is the classical electrostatic energy due to Coulombic interactions, and Exc( ρ )  
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includes all many-body contributions to the total energy, in particular the exchange 
and correlation energies. Equation (3-1) is written to emphasize the explicit 
dependence of these quantities on ρ .      
        The charge density was constructed from a wavefunction Ψ.  
                                                                ρ = Ψ 2                                                 (3-2) 
The wavefunction Ψ  is usually expanded using a set of basis function such as 
molecular orbitals φi  
Ψ = ciφi
i=1
∞∑                                               (3-3) 
        From the wavefunctions [Eq. (3-3)] and the charge density [Eq. (3-2)], the 
energy components can be written (in atomic units) as: 
T = φi −∇
2
2i
n∑ φi                                             (3-5) 










=− ρ r1( ) ZαRα − r1α




≡ −ρ r1( )VN + ρ r1( )Ve r1( )2 +VNN
    (3-6) 
In equation (3-6), Zα  refers to the charge on nucleus α  of an N-atom system. The 
first term, ρVN , represents the electron-nucleus attraction. The second term, ρVe /2 , 
represents the electron-electron repulsion. The final term, VNN , represents the nucleus-
nucleus repulsion. 
        The final term in equation (3-1), the exchange-correlation energy, requires some 
approximation for this method to be computationally tractable. A simple and 
Chapter 3: Investigation on Mechanism of Tantalum Adhesion on SiLK 
 32
surprisingly good approximation is the local density approximation, with is based on 
the known exchange-correlation energy of the uniform electron gas [59-60]. The local 
density approximation assumes that the charge density varies slowly on an atomic 
scale. The total exchange-correlation energy can be obtained by integrating the 
uniform electron gas result: 
ε
xc
ρ( )≅ ρ r( )εxc ρ r( )[ ]∫ dr                                   (3-7) 
where ε
xc
ρ( ) is the exchange-correlation energy per particle in uniform electron gas 
and ρ  is the number of particles. 
        In this chapter, we report results of our ab initio investigation on adhesion 
mechanism of Ta on SiLK, and effects of RPC on adhesion property of Ta/SiLK 
interface. This study not only provides an interpretation to the experimental results 
[49], but also gives insight into the adhesion mechanism of Ta on SiLK at the atomic 
level. Based on our findings of our computational studies, we propose a method for 
enhancing the adhesion between SiLK and the Ta barrier layer. 
 
3.4 Computational detail 
        According to the simulation result in Chapter two, a hydrogen atom and a methyl 
group were used to terminate unit B and to form a functional repeating unit 
(monomer) as shown in Figure 3-2.  
 
Figure 3-2: Functional repeating unit in SiLK (monomer). 
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        In this work, we focused on the interactions between Ta atoms and the monomer. 
Ta atoms were placed at various positions around the monomer in a series of 
calculations. All the DFT calculations were performed using DMol3 [MS Modeling 
3.0, Accelrys Software Inc.], In our study, the double numerical plus polarization 
(DNP) basis was used to solve the self-consistent field (SCF) equations and compute 
the total energy. The Perdew-Burke-Ernzerhof (PBE) form of generalized gradient 
approximation (GGA) [61] was used for exchange and correlation. Spin states were 
considered in the calculation. The self-consistent electronic total energy is converged 
to 1x10-6 eV per atom and during geometry optimization the total energy was 
converged to 1x10-5 eV per atom. A smearing of 0.005 Hartree (Ha) was chosen in 
determination of Fermi level  
        The adhesion energy (Ead) was calculated as follows,  
Ead = Esystem- Emonomer – ETa                               (3-8) 
where Emonomer and ETa are the ground state energies of the optimized monomer and a 
single Ta atom, respectively, and Esystem is the total energy of the system consisting of 
the monomer and Ta atom. According to this definition, a negative value Ead 
corresponds to an energetically favorable configuration, or a stable adhesion of Ta on 
SiLK.   
 
3.5 Results and discussions 
3.5.1 Mechanism of adhesion 
        Based on results of the total energy calculations, Ta atoms were found to form 
stable bonds with the monomer at only two sites: (a) above the benzene ring (BR) and 
(b) over a semi benzene ring (SBR) (Figure 3-3).   
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Figure 3-3: Stable adhesion site of Ta on SiLK: (a) Position A: Ta over the benzene 




The former (Position A, Figure 3-3(a)) is the most stable position with adhesion 
energy of -2.29 eV. In the optimized structure, Ta is not exactly centered over the BR 
but is positioned slightly toward ethylene (C=C). This indicates that electrons from 
C=C are also involved in this metal-organic chemical bond. The electronic 
configuration of Ta is 4f 145d36s2 where the energy levels of the f electrons are well 
below those of the 5d and 6s electrons and can be considered as core electrons, and 
only 5d and 6s electrons are involved in bond formation. To understand the bonding 
mechanism, we calculated the electron partial density of states (DOS) of Ta and the 
monomer. As shown in Figure 3-4, when Ta atom is bonded to the monomer at 
Position A, p-DOS of C6, C7 and C3 shift to a lower energy and three high peaks for 
each atoms are located at -4.8 eV, -6.5 eV and -7.8 eV, respectively, meaning that the 
electrons delocalize throughout the whole molecule. At the same time, p-DOS of C6 
and C3 are found to overlap with 5d DOS of Ta within the range 0 to -1.3 eV and the 
high density p-DOS of C7 is aligned with d-DOS of Ta around -2.5 eV, which 
suggests that p electrons of C=C form bonds with 5d electrons of Ta. However, the 
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highest density s-DOS of Ta around the Fermi level does not show obvious 
overlapping with any p-DOS of carbon, which means that only d electrons of Ta are 
included in bond formation. In this case, the number of bonding electrons is nine, of 
which six are p-electrons of BR. A nine-electron configuration may not be stable and 
electrons may be pulled away from BR via conjugated bonds to approach a stable 
eight-electron state. Such electron migration can be seen from Table 3-1 where 
electron density on C7, C8 and C9 are increased (more negative charge) compared to 
























Figure 3-4: Partial electron density of states (DOS) for Ta, C3, C6 and C7. The 
downward peaks denote DOS of pure monomer and the upward peaks denote DOS 
after Ta bonding at Position A. 
 






Figure 3-5: Partial electron density of states (DOS) for Ta, C3, C6 and C7. The 
downward peaks denote DOS of pure monomer and the upward peaks denote DOS 
after Ta bonding at Position B. 
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Table 3-1: Atomic electron charge of Ta and C atoms in the case of pure monomer 
and Ta bonded structure (electrons/Å). 
        System        Ta        C1       C2      C3       C4      C5       C6      C7      C8     C9 
Pure Monomer      0      -0.06   -0.05   -0.07  -0.05   -0.08   -0.07  -0.02  -0.09  -0.20 
    Position A     0.473   -0.17   -0.15   -0.15  -0.15   -0.17   -0.06  -0.05   -0.14  -0.26
    Position B     0.424   -0.08   -0.08   -0.11   -0.04   -0.28   -0.02  -0.14  -0.34  -0.24
 
        Meanwhile, it was found that Ta atom does not bond to C=C. Interestingly, if Ta 
was placed over C=C, it moved to Position B (Figure 3-3(b)), centered over the SBR, 
after geometry optimization. The SBR is formed by C=C and C5, C6 of the BR, with 
four p electrons. Combining with three d electrons from Ta, this Ta-SBR unit has 
seven electrons, which is electron poor and is not as stable as an eight-electron system. 
Therefore, it will attract electrons from the surrounding atoms via conjugated bonds. 
In this case, the electrons on the BR accumulate on C5 and C6 compared to that in 
pure monomer (Table 3-1). Meanwhile, p-DOS of the carbon in the BR shifts to lower 
energy even for C3, which is located far away from Ta atom (Figure 3-5).  Thus each 
atom in the BR also contributes electrons to such Ta-SBR unit via a conjugated 
system. However, different from that of Position A, p-DOS of C6 and C7 are found 
around the Fermi level which overlaps with s-DOS of Ta atom, suggesting that s 
electrons of Ta are involved in bond formation. In such a case, the number of bonding 
electrons can easily reach the eight-electron configuration. The calculated adhesion 
energy of -1.72 eV indicates that such a Ta-SBR bond is quite stable, the structure 
with a C=C adjacent to BR can form a stable bond with Ta and enhance the adhesion 
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3.5.2 Effect to adhesion by RPC treatment 
        The effects of H2/He RPC treatment on Ta/SiLK interface adhesions were also 
investigated as such treatment was found to degrade Ta/SiLK adhesion. The time-of-
flight secondary ion mass spectrometry spectra (TOF-SIMS) of the SiLK wafers with 
and without RPC treatment are presented in Figure 3-6. It is noted that after RPC 
treatment there is a systematic shift of the carbon ion clusters to higher values of mass 
to charge ratio (m/z), indicating that hydrogen atoms have been incorporated into the 
carbon ion clusters which evaporate from SiLK surface and the hydrocarbon ions 
have become more saturated. As a result, C=C and even BR on SiLK surface may be 
partially or fully saturated. To confirm this, we calculated and compared the adhesion 
energies of Ta on the monomer with and without H-saturation. It was found that if 
C=C in monomer is saturated; Ta will not form a stable bond at Position B at all. At 
the same time, the adhesion energy of Ta-BR changes from -2.29 eV to -2.22 eV, 
indicating that H-saturation of C=C has little effect on Ta-BR bond. On the other 
hand, if BR is fully saturated (a cycohexyl ring), Ta is bonded to SiLK through only 
van der Waals interactions and the adhesion energy is less than 0.02 eV. Therefore, it 
is clear that saturation of C=C or BR by hydrogen is the reason for degradation of Ta-






Chapter 3: Investigation on Mechanism of Tantalum Adhesion on SiLK 
 40
 
Figure 3-6: TOF-SIMS spectra of the SiLK surfaces with and without RPC treatment. 
The intensity of the spectra has been individually normalized for clarity. The spectra 
on the top are for mass range of 0-100 and the spectra at the bottom are for the mass 
range of 100-500 [49].  
 
        The above suggests that the altered SiLK surface should be treated to make it 
more affinitive to Ta before its deposition. Based on our experience, argon (Ar) 
plasma can efficiently remove the inert surface layer and break the cross-linked 
molecule chains to generate dangling bonds or radicals on the surface, which have a 
strong affinity for Ta. Our calculations have shown that the bonding energy of Ta to 
methyl radical is -2.35 eV, which is even stronger than that of Ta bonded to SiLK. As 
such, prior to Ta deposition on the RPC-treated SiLK surface, an Ar plasma sputtering 
process was employed. Figure 3-7 shows the TOF-SIMS spectra of RPC-treated SiLK 
surfaces before and after Ar sputtering. It is clear that Ar sputtering severely alters the 
SiLK surface. The regularly spaced pattern of carbon cluster is no longer observed, 
indicating that the hydrogen-enriched surface layer caused by RPC has been removed. 
Furthermore, the intensity of the ion fragments higher than 180 m/z is very low, 
implying that Ar sputtering has broken surface chemical bonds extensively, the 
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surface may be composed of low-molecular-weight materials that do not necessarily 
"activate" it Ta adsorption. 
 
Figure 3-7: TOF-SIMS spectra of the RPC treated SiLK surfaces with and without Ar 
sputtering. The spectra on the top are for mass range of 0-100 and the spectra at the 
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3.6 Summary 
        We investigated interaction at the Ta/SiLK interface using ab initio method 
based on DFT. Our computational calculations show that phenylene groups play a 
major role in the adhesion. At the same time, the adjacent double bonds to the 
phenylene groups form SBR, which also show quite strong affinity to Ta atoms.  
        In addition, degradation of SiLK adhesion to Ta layer due to RPC treatment was 
investigated by both theoretical calculations and experimental characterizations. It 
was found that the hydrogen atom in reactive plasma saturated the BR groups and/or 
double bonds on the SiLK surface, which caused the degradation of the adhesion 
between Ta barrier layer and PRC treated SiLK. Based on our findings, an Ar plasma 
sputtering treatment was suggested and implemented after RPC process, which was 
verified to improve the Ta adhesion on SiLK. 
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CHAPTER FOUR 
INVESTIGATION ON PORE-SEALING LAYER  
FOR POROUS SiLK BY PECVD 
 
4.1 Introduction 
        Generally, there are three types of approaches for pore sealing, thin film 
deposition, plasma surface interaction and surface cross linking/reconstruction [7]. 
Among these three approaches, thin film deposition has gotten the most attentions in 
both experimental [19-20, 62] and theoretical studies [63-64].  However, most of 
these works were on Ta(N) thin film, only a few were about polymer thin film [65].  
       Being the most promising ULK porous material, p-SiLK has been widely 
investigated for a number of years [66-69]. However, pore sealing still remains a 
problem. In our study, we attempt to identify a copolymer film as the pore-sealing 
layer for p-SiLK. Besides sealing the pores on the surface of p-SiLK, it is also desired 
for copolymer films to have good thermal stability, low dielectric constant (k < 2.8), 
and good adhesion with Ta barrier layer and p-SiLK.  
 
4.1.1 Selection of monomers for pore-sealing layer synthesis 
         The simulation results described in Chapter three as well as simulation and 
experimental results by others [70] indicated that N atoms in polymer enhance 
adhesion of polymer/Ta interface. Therefore, monomers with phenylene groups and N 
atoms were chosen in our study to enhance the Ta adhesion on synthesized pore-
sealing layer. To keep the phenylene structure complete, the monomer must contain a 
structure that is easier to form cross-linking than phenylene structure.  
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        Aniline is known for its phenylene and amino containing structures. 
Furthermore, based on the study by Mathai et al. [71], the k value of poly-aniline at 
the frequency of 1MHz is below 1.5 at room temperature. Therefore, aniline has the 
desired structure and low-k property. The pore-sealing layer synthesized with aniline 
could have good adhesion with Ta barrier layer and low-k properties. Aniline was 
plasma-polymerized with quinoline to improve the thermal stability [72]. In the 
following, QA will be used as the abbreviation to present the copolymer consisting of 
quinoline and aniline. Furthermore, as N atoms reduce the hydrophobicity of the 
polymer, non-N-atom containing styrene was mixed with aniline to compensate for 
the reduction. And SA will be used as the abbreviation for the copolymer consisting 
of styrene and aniline. The structures of the three monomers are shown in Figure 4-1.  
 
quinoline                                        aniline                                            styrene 
 
Figure 4-1: Chemical structure of quinoline, aniline, and styrene 
 
4.1.2 Plasma-enhanced chemical vapor deposition 
        Plasma-enhanced chemical vapor deposition (PECVD) was first introduced into 
semiconductor manufacturing in order to deposit silicon nitride as a final passivation 
layer [73], which is deposited over the metal lines to protect the integrated circuit (IC) 
from physical damage such as scratching, and to provide a barrier against 
environmental contamination and corrosion. The passivation must be deposited at 
temperatures significantly lower than the melting point of the metal, typically an 
Al/Cu alloy, although Cu metalization has recently been introduced in some high 
performance ICs. Reactions can occur at much lower temperatures when reactive 
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species are created using a plasma. Therefore, the substrate temperature in a PECVD 
process can be significantly less than that of a standard thermal chemical vapor 
deposition (CVD) process. For example, a low-pressure thermal CVD process for 
depositing silicon nitride from silane and ammonia is typically carried out at 
temperature between 700 ºC and 900 ºC. However, a PECVD process using the same 
reactants can be accomplished at a temperature between 200 ºC and 350 ºC [74]. 
Through the years, PECVD processes have been incorporated throughout 
semiconductor process flows to supplement the inability of thermal CVD process [75].  
        PECVD is mainly used to deposit dielectric materials, such as SiO2, 
phosphosilicate glass (PSG), borophosphosilicate glass (BPSG), Si3N4, SiOxNy, and 
some polymer dielectrics [75]. In addition to its low-temperature process, PECVD’s 
gap filling capability has been a driving force for its incorporation into the front end 
of the line (FEOL) and back end of the line (BEOL) process flows [75]. Since 
PECVD has been widely used in semiconductor manufacturing now, we here 
employed PECVD for plasma polymerization. The two groups of aniline based 
copolymer film (QA and SA) were deposited on p-SiLK and characterized.  
 
4.2 Experimental detail 
4.2.1 Sample preparation 
        To simplify the experiments, quinoline and aniline in QA were mixed with 1:1 
mole ratio in container. At the same time, styrene and aniline in SA were also mixed 
at the same mole ratio in container. 
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Figure 4-2: Setting of PECVD system. V1, V2, and V3 are valves. 
 
 
        The PECVD system (Plasmalab 80 Plus, OXFORD INSTRUMENTS) used in 
our study is shown schematically in Figure 4-2. Here, V1, V2 and V3 are used to 
control the flow of gas source. Before deposition, V1 is open while V2 and V3 are 
closed to allow only Ar gas from gas source controller flowing into the chamber. 
During deposition, V1 is closed while V2 and V3 are open to allow Ar gas flowing 
through container and bring the mixed monomer into the chamber. The internal 
structure of the chamber is shown in Figure 4-3. The plasma gas in the showerhead 
was generated by 13.56 MHz radio frequency, and flowed directly towards sample 
holder. 
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Figure 4-3: Inner structure of the chamber of PECVD. 
 
        Si substrate with 350 nm p-SiLK coating was provided by Dow Chemical 
Company. The p-SiLK coated samples were cut into 1×1 cm2 square pieces. During 
the deposition of either QA film or SA film, 12 pieces of p-SILK samples were 
placed on the sample holder together with 2 pure Si samples, which were used for 
monitor the thickness of deposited polymer film. The plasma power supply was set at 
50W, and equilibrium pressure in the chamber during deposition process was set at 50 
mTorr. Ar gas with a standard flow rate of 5.0 cm3/min was employed as carrier gas 
to bring the mixed monomers into the chamber. Before the process of plasma 
polymerization, Ar plasma was used for 40 s to activate the surface of p-SiLK. The 
QA sample was exposed in plasma atmosphere for 8 min, while the SA sample was 
only exposed for 5 min to get similar copolymer film thickness. After plasma 
polymerization, the samples were stored in pumped vacuum for 5 min to clean the 
surface. 
        After deposition, 9 samples were separated into 3 group, these 3 groups were 
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respectively annealed at 400 ºC in vacuum for 1, 3 and 5 hours. The thickness and 
refractive index of pore-sealing layer were measured after annealing. The change of 
the film thickness and the refractive index was used to monitor the thermal stability of 
pore-sealing layers. According to the results, after annealing for more than 3 hours, 
both QA and SA film trend to be stable. Therefore, 25 nm Ta barrier layer was then 
deposited on the samples annealed for 5 hours, which were followed by Cu plating 
with JEE-400 vacuum evaporator.  
 
4.2.2 Characterization techniques 
        Optical characterizations and rough thickness measurements were performed 
with a J.A. Woollam V-VASE Spectroscopic Ellipsometer (SE) in a wide spectral 
range (from 300 to 1500 nm) and at different angles of incidence (65º, 70º and 75º). 
In a first step of the analysis procedure, the thicknesses of the deposited polymer 
films were obtained by modeling the optical properties of the material with a Cauchy 
law. Therefore, the thickness of the layer was fixed and a wavelength-by-wavelength 
extraction of the refractive index was performed. 
        JEOL JSM-6700F field emission scanning electron microscopy (SEM) was 
employed to examine the sample cross the section and confirm the layered structure. 
From the SEM images, the thickness of each layer could be measured directly. 
        SIMS (CAMECA IMS-6f) was used to study the depth profiles of 
Cu/Ta/copolymer/p-SiLK/Si structure. The Cs+ primary beam was incident on the 
sample at 2 kV, yielding a net impart energy of 2 keV. The primary beam raster 
scanned the sample surface over an area of 250×250 µm
2
 and the signal from the 
central circular area of 60 µm diameter of the raster portion was collected by the mass 
spectrometer. The samples were kept rotating during the measurement. 
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        The surface modifications of pore-sealing layer were studied by atomic force 
microscopy (AFM), which allows observation of changes in surface morphology due 
to plasma and annealing.  The equipment used here was Nanoscope Dimension 3000 
from Digital Instruments. All samples were scanned within an 800×800 nm
2
 square 
area in contact mode.  
 
        The experiments on QA and SA sealing layer are summarized in Table 4-1. 
Table 4-1: Summary table of experiments on QA and SA sealing layers. 
 
4.3 Results and Discussions 
4.3.1 Layer structure 
Table 4-2: Thickness and refractive index of pore-sealing layer measured by SE 
before and after annealing. 
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        SE was used to pilot study the layer structure and thermal stability. The results 
were averaged from three samples, and presented in Table 4-2. The thickness of QA 
film before annealing was 108 nm with a refractive index of 1.57. After annealing for 
1 hour, the film thickness reduced to 23 nm and refractive index increased to 1.85. 
However, after annealing for more than 3 hours, the thickness and refractive index 
tended to be a constant. For SA polymer film, the thickness before annealing is 
around 138 nm with a refractive index of 1.58. After annealing for 1 hour, the film 
thickness reduced to 27 nm and refractive index increased to 1.75. Same as QA film, 
the film thickness and refractive index approached to be a constant after annealing for 
3 hours. As the refractive index is related to the square root of k value, it could be 
inferred that the k value would not change after annealing for 3 hours. These 
tendencies in both thickness and optical index suggested that these two kinds of 
polymer pore-sealing layers have good thermal stability after annealing for more than 
3 hours.  
        To confirm the existence of pore-sealing layer after annealing, the cross section 
SEM images were obtained from the samples annealed for 5 hours, and compared to 
the images before annealing. Figure 4-4 shows the SEM images for the samples with 
QA polymer pore-sealing layers, and Figure 4-5 shows the SEM images for the SA 
polymer pore-sealing layers. 
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Figure 4-4: SEM cross-section images of samples with QA polymer pore-sealing 
layers: (A) before annealing; (B) after annealing for 5 hours. 
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Figure 4-5: SEM cross-section images of samples with SA polymer pore-sealing 
layers: (A) before annealing; (B) after annealing for 5 hours. 
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The three-layer structure could be observed clearly in SEM images in both Figure 4-4 
and Figure 4-5. The bottom layer in each image is the Si substrate, the middle layer is 
p-SiLK, and the top layer is pore-sealing layer.  
        The thickness of each layer was measured directly on the images. Before 
annealing, the thickness of QA polymer (Figure 4-4(A)) is about 110 nm, which 
matches the value of 108 nm measured by SE. But after annealing for 5 hours (Figure 
4-4(B)), the thickness of QA polymer reduced to about 50 nm, which is much larger 
than the value measured by SE.  On the other hand, the thickness of SA polymer 
before annealing (Figure 4-5(A)) is about 135 nm, which also matches the value 
measured by SE. After annealing for 5 hours (Figure 4-5(B)), the thickness of SA 
polymer reduced to about 60 nm, which is also bigger than the SE measured value. 
From the comparison of polymer film thickness before annealing, it was confirmed 
that SE measurement is accurate for film thickness measurement.  
        To understand the discrepancy in layer thickness after annealing, we also 
measured the thickness of p-SiLK layer. The thickness of p-SiLK under QA polymer 
layer was increased from 270 nm (Figure 4-4(A)) to 320 nm (Figure 4-4(B)). On the 
contrary, the thickness of p-SiLK under SA polymer layer was decreased from 280 
nm (Figure 4-5(A)) to 260 nm (Figure 4-5(B)). It is obvious that the measurement 
result of SEM is different from optical results of SE. The thickness data obtained 
from SE was based on the assumption that the thickness of p-SiLK was assumed to be 
a constant of 350nm during annealing. In fact, during the whole experimental process, 
the first 40s Ar plasma activation process before PECVD process etched the surface 
of p-SiLK, and led to a thickness loss of p-SiLK layer even before annealing. Again, 
PECVD process also played as a reactive iron etching (RIE) process. During the 
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depositing process, the plasma ions dropped down from the showerhead with a 
vertical velocity, which was the power of RIE process. 
        Despite of the error brought by SEM, there was another most possible reason for 
the thickness variance of p-SiLK layer. After Ar plasma activation, the pores of p-
SiLK would be exposed (see section 4.3.3 below). In the PECVD process that 
followed, the monomer plasma was deposited on these open pores. It is not easy to 
break the ring structure of quinoline, while the ethylene structure in styrene is always 
ready for polymerization. The possibility of quinoline polymerization with aniline to 
form big molecules before reaching the surface of p-SiLK is much smaller than that 
of styrene. As small molecules are much easier to penetrate into open pores on the 
surface, the diffusion of QA monomer could be more serious than SA monomer. 
Annealing enhanced this diffusion and the diffusion of p-SiLK into QA polymer. So 
the interface between p-SiLK and QA polymer would be blur and the interface 
between inter-diffusion area and QA polymer would rise up. On the other hand, 
styrene and aniline would polymerize and form large molecules before reaching the 
surface of p-SiLK. These big molecules would accumulate on the surface, only a 
small number of them could penetrate into big pores. The interface between SA 
polymer and p-SiLK would not change much after annealing. From the SEM images, 
we also could find that the interface between QA polymer and p-SiLK was clearer 
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4.3.2 Depth profile 
        SIMS was used to obtain the depth profiles of Cu, Ta, N, C and Si in multilayer 
structures. The presence of N signifies the QA/SA polymer continuous layer. The 
results are shown in Figure 4-6: 
 
Figure 4-6: SIMS spectra for Cu/Ta deposited on 5-hour annealed polymer 
continuous layers. 
 
Dual-peak of N profile appeared around 30 nm and 50 nm in both (a) and (b) spectra 
in figure 4-6, which indicates a 20 nm thick N-rich layer. Since there was no other N-
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rich source, this layer was entirely due to N atoms in QA or SA polymer layer. The 
peak of N at 35 nm in spectra (c) was due to the N absorbed from air by p-SiLK.  
        As shown in spectra (a), the concentration of Ta began to reduce at 40 nm away 
from the surface, merged with Si background at 80 nm away from the surface. The 
concurrence of Ta and C profiles at 50nm away from the surface was the interface of 
Ta and p-SiLK. Based on above observation, it is clear that Ta slightly diffused into 
p-SiLK and formed a diffusion region of 30 nm deep. The shoulder from 40 to 80 nm 
of Cu profile indicated its diffusion in Ta barrier layer. In spectra (b), accompanied 
with heavier diffusion of Ta in 60 to 100 nm areas, Cu diffusion was observed in 40 
to 100 nm areas. However, in spectra (c), Ta had not diffused into the p-SiLK without 
pore-sealing layer. Moreover, Cu diffusion was almost stopped by Ta barrier layer. 
This was an unexpected result that pore-sealing layer could not help to stop Cu 
diffusion. On the contrary, it degraded the Ta barrier layer and made the Cu diffusion 
more seriously.   
 
4.3.3 Surface analysis 
        To understand the reason of pore-sealing layer degrading Ta barrier layer, the 
surface topography after PECVD process and annealing were investigated by AFM. 
Before annealing, four samples were measured, and their three dimension (3-D) AFM 
images were presented in Figure 4-7 and Figure 4-8 respectively. In Figure 4-7, no 
polymer pore-sealing layer was deposited on p-SiLK, and image A and image B were 
the 3-D images of the p-SiLK samples with and without Ar plasma activation. In 
Figure 4-8, image A corresponded to the p-SiLK sample covered with QA polymer 
pore-sealing layers, and image B to the p-SiLK sample with SA polymer layer. 
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Figure 4-7: The 3-D AFM images of p-SiLK without Ar plasma activation (A) and p-
SiLK with Ar plasma activation (B). The samples were not annealed. 
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Figure 4-8: The 3-D AFM images QA polymer (A) and SA polymer (B) pore-sealing 
layers on p-SiLK before annealing. 
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The scale of height was fixed at 10 nm for all these four images, and scanned area 
was fixed as 800×800 nm2. The surface of p-SiLK without Ar plasma activation 
(Figure 4-7 (A)) was much smoother than that with Ar plasma activation (Figure 4-7 
(B)). With a 40 s of Ar plasma activation, the surface of p-SiLK was significantly 
damaged. The pores close to the surface were exposed to air, which could be 
observed from the change of surface roughness. When QA polymer film was 
deposited on p-SiLK, the surface (Figure 4-8 (A)) became smooth. However, when 
SA polymer film was deposited on p-SiLK, the surface roughness (Figure 4-8 (B)) 
did not show any improvement. This might be due to that the small molecules of QA 
polymer filled the pores on p-SiLK surface, but the big molecules of SA polymer only 
simply accumulated on the surface. The topography of p-SiLK layer was directly 
reflected by the surface of SA polymer film. On the other hand, p-SiLK already had a 
smooth surface, to reduce the damage to this surface, the process of Ar plasma 
activation should be as short as possible. These might lead to a successful integration 
of pore-sealing layer. 
        The surfaces morphologies of QA and SA polymer films deposited on pure Si 
were also measured by AFM as shown in Figure 4-9. 
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Figure 4-9: The 3-D AFM images of QA polymer (A) and SA polymer on pure Si 
substrates (B) without annealing. 
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The surface was quite smooth for both of QA and SA polymer films. It confirmed that 
the uneven surfaces of QA and SA polymer film on p-SiLK were mainly due to the 
roughness surface of Ar plasma activated p-SiLK. 
      Annealing resulted in evaporation of the oligmers and the remaining monomers, 
and leaded to a more complete cross-linking. The AFM images of QA/SA polymer 
surface after annealing for 5 hours were shown in Figure 4-10. As expected, the 
surface of QA polymer film was expectably smoother than that of SA polymer film 
and provided a better support to Ta barrier layer. However, it was still rougher than 
the surface of p-SiLK. Therefore, the integrity of Ta barrier layer on it would be 
worse than that on p-SiLK. From SIMS results shown in Figure 4-6, Cu diffusion on 
QA polymer film was more serious than on p-SiLK but better than on SA polymer 
film. 
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Figure 4-10: The 3-D images of QA polymer (A) and SA polymer (B) pore-sealing 
layers deposited on p-SiLK after annealing for 5 hours. 
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4.4 Summary 
        Based on our analysis and findings, we found that the QA polymer was better for 
barrier layer than SA polymer. As the smaller molecules of quinoline and aniline 
penetrated into the pores on Ar plasma activated p-SiLK, a smoother surface of QA 
polymer was observed. This smoother surface gave a good support to Ta barrier layer, 
and a better effect of preventing Cu from diffusing was also observed. On the other 
hand, styrene and aniline formed large molecules before their plasma reached the 
surface of Ar plasma activated p-SiLK, and large molecules simply accumulated layer 
by layer. The rough surface of Ar plasma activated p-SiLK could not be repaired by 
simple accumulation, and led to the rough surface of SA polymer. This rougher 
surface of SA polymer led to a poor support to Ta barrier layer, which caused a more 
serious Cu diffusion than QA polymer. It seems that the roughness of pore-sealing 
layer played an important role in supporting Ta barrier layer. 
        Using PECVD to deposit polymer film as pore-sealing layer, the cross-linked 
monomer might cause a pre-polymerization process before the plasma reached the 
samples. This pre-polymerization would lead to the formation of large molecules, 
which was not desired for filling the pores on surface. Furthermore, the process of Ar 
plasma activation and the etching effect during PECVD process damaged the smooth 
surface of p-SiLK. Shortening the time of activation and change vertical plasma 
shower of PECVD system was also very important for further study.    
        However, only preliminary results were described here. Further extensive study 
is needed to completely understand the correlation between the surface roughness and 
the integrity of barrier layer. 
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CHAPTER FIVE 
CONCLUSIONS AND OUTLOOK 
        Computer simulation was employed for determining the structure of repeating 
unit of SiLK. QSPR statistical correlation method was used for fast predicting the 
properties of all possible structures. The structure with predicted properties closed to 
experimental properties was determined as the most possible structure. Molecular 
dynamics was also used to predict mechanical property.  
        After the structure of SiLK was determined, ab initio calculations based on 
density functional theory was carried out to study the mechanism of Ta adhesion on 
SiLK. Phenylene was found to play a major role in the adhesion. At the same time, 
the adjacent double bonds to the phenylene groups form semi-benzene rings, which 
also show quite strong affinity to Ta atoms. And the adhesion degradation of Ta/SiLK 
caused by reactive plasma clean treatment was well explained by our findings.  
        Based on our simulation results, aniline based copolymers were investigated as 
pore-sealing layer for p-SiLK. The PECVD method was used for plasma 
polymerization. Quinoline and aniline copolymer film showed a better support to Ta 
barrier layer than styrene and aniline copolymer film. However, compared with pure 
p-SiLK, the rough surface of pore-sealing layer in our study had degraded the Ta 
barrier layer.  
        For further study and development of pore-sealing layer, the way of producing 
plasma needs to be improved. The plasma from the showerhead directly above the 
sample holder etched the surface of samples. We suggested using an alternative 
method for producing plasma as shown in Figure 5-1 
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Figure 5-1: New PECVD system with a plasma generator outside of the chamber. 
 
The plasma can be produced outside the chamber, since then, samples are only 
exposed in a plasma atmosphere. The plasma with no vertical velocity will have less 
etching effect to the surface of sample. As a result, the surface of p-SiLK would not 
be damaged during the depositing process and even the activating process. The 
surface of polymer pore-sealing layer would be less affected by the surface roughness 
of p-SiLK. Based on our findings in Chapter four, their support to Ta barrier layer 
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